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Highly Luminous Scintillating Nanocomposites Enable
Ultrafast Time Coincidence Resolution for y-rays Detection
with Heterostructured Multilayer Scintillators

Matteo Sala, Matteo Orfano, Valeria Secchi, llaria Mattei, Nicold Pianta,
Vojtech Zabloudil, Carsten Lowis, Romana Kucerkovd, Martin Nikl, Francesco Meinardi,

Etiennette Auffray, Irene Villa,* and Angelo Monguzzi*

Brighter fast scintillators are needed for advanced applications

to acquire data with high signal-to-noise ratio in short time windows,

like in the time-of-flight positron emission tomography (ToF-PET) imaging
technique for cancer. A new composite polymeric fast scintillator loaded with
high-density hafnium dioxide (HfO,, hafnia) nanoparticles is developed here
to be used for detection of the 511 keV y-rays employed in ToF-PET. By a fine
tuning and engineering of the electronic properties of its components, namely
the polymeric matrix, the dense nanoparticles and the embedded fluorescent
dye, a highly luminous polymeric scintillating nanocomposite is realized,

experiments where extremely high event
rates are generated,[1?] or to quickly acquire
high quality images at low dose in medi-
cal applications as in the ToF-PET cancer
imaging technique, where tents of picosec-
onds time resolutions are desired.®! A lim-
ited coincidence time resolution (CTR) is
indeed one of the most critical issue to over-
come to develop higher efficiency, higher
sensitivity and lower dose-working ToF-PET
machines. The scanner performance is in-

showing an unprecedented scintillation efficiency for plastic materials

and nanosecond-scaled scintillation decay. Nanocomposite films are

then coupled to dense bismuth germanate (Bi,Ge;0O,,, BGO) crystal sheets
to fabricate an heterostructured multilayer scintillator as a prototype pixel for
ToF-PET scanners. Thanks to the nanocomposite high scintillation efficiency,
the prototype detector shows an ultrafast time resolution of 115 ps for

511 keV y-rays detection, actually limited by the non-optimal light transport
properties in the pixel and by the sensitivity of the employed photodetector.

1. Introduction

Faster and brighter scintillators are now requested for several ad-
vanced applications where is pivotal to acquire data with high
signal-to-noise ratio in extremely short time windows. For ex-
ample, to detect events avoiding pile up in high energy physics

deed ultimately set by the detector capa-
bility to discriminate in time the arrival of
the 511 keV, back-to-back y-photons pairs
generated by the radiotracers injected in
the patient body to image the tissues.!l'
In particular, the uncertainty Ax on the an-
nihilation event position is given by Ax =
c At = ¢ (t, — t;) where c is the speed
of light in vacuum and t, t, are the dif
ferent detection times of the y-photons on
both detectors along the detector line of
response.?l The full width half maximum
(FWHM) of the distribution in the recorded At is what we call
CTR. Actually, there are no monolithic scintillating materials
which can afford the desired CTR << 200 ps, i.e., the current best
value for commercial scanners, that would allow millimeter scale
imaging resolution with significantly shorter acquisition times
and significantly lower and safer radiotracer doses.*d]
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Figure 1. a) Sketch of the scintillation mechanism in composite polymeric materials loaded with dense HfO, nanoparticles (NPs). The y-rays interacts
not only with the polymeric, low density host matrix, but also with the NPs, activating a more efficient and localized production of secondary events and
free charges that enhances the material scintillation efficiency. b) Simplified outline of the photophysics involved of the scintillation process in standard
(top) and ultra-bright (bottom) scintillating nanocomposites. Dashed arrows indicate non-radiative processes. In the standard composite, the diffusing
hot charges produced by interaction of y-rays with the host polymer polystyrene (PS) or NPs quickly recombine to form PS singlet state S. These states,
immediately, form an excimeric state D} with ground state PS. The energy travels within the matrix by homo-molecular energy transfer (ET), through
with this states until it is transferred to the embedded emitting dye BBQ, thus promoting it from the ground state S, to its fluorescent emissive excited
singlet state S]. NPs have a wide energy gap between the valence and conduction bands (VB and CB, respectively) but possess low energy defect states
that acts as energy traps for a fraction of diffusing charges and as quenching center for the BBQ luminescence. In the ultra-bright nanocomposite, the
employed host matrix is polyvinyl toluene (PVT). NPs have been thermally treated at 950 °C (NP"s) to eliminate the low energy electronic defects, thus
avoiding the quenching of BBQ luminescence molecules and enabling the ET of the energy trapped in the NP”s self-trapped exciton state (STE) into the

PVT matrix.

The concept of multicomponent heterostructured scintillator
would enable to surpass this limit.[*l An heterostructured scin-
tillator can be fabricated by mechanically coupling dense scintil-
lating crystals such as BGO to fast-emitting scintillators in dif-
ferent architectures.[*>] The dense component stops the y-rays
by means of the photoelectric effect, thus enabling the selection
of the correct events at 511 keV. The fast emission is activated
both directly by weak direct interaction with the ionizing radia-
tion and, most importantly, by the diffusing recoil photoelectrons
generated in the dense component that reach the fast material.
This mechanism of energy sharing is actually considered one of
the best strategy to obtain simultaneously the energy resolution
and the CTR required to boost both the quality and the speed of
the ToF-PET image reconstruction.!c!

Candidates as the fast emitter are conjugated fluorescent
systems but, unfortunately, scintillating conjugated organic
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molecules, crystals and polymers are light materials with den-
sities p ~1 g cm™>. The presence of the fast emitter decreases
therefore the global density of the multicomponent scintillator
and consequently its stopping power at 511 keV.[®) More impor-
tantly, their scintillation light yield (LY), defined as the ratio be-
tween the number of emitted photons and the energy deposited
in the system, is usually assessed below 20000 ph MeV~! for
commercially available materials.”] These characteristics limit
the absolute scintillation light output and consequently the de-
tector sensitivity, especially in the case where small device as the
ToF-PET scanners pixels are required. To mitigate these issues,
the use of hybrid organic/inorganic compounds(® or the load-
ing of polymeric hosts with optically inert dense nanoparticles
(Figure 1a) has been recently proposed.’! The presence of dense
nanoparticles including elements with high atomic number Z af-
fects indeed both the Compton and the photoelectric interactions
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probability with high energy photons,['% which increase with the
effective material electronic density, i.e.the effective Z value. Be-
sides, and importantly, even at low nanoparticles concentration
where the average density of the material does not change we
observe a clear enhancement of the material LY, because of a pe-
culiar effect due to the locally enhanced density of free charges
generated around nanoparticles upon radiation/matter interac-
tion that favors their recombination to emissive states.['"]

Here we developed a highly luminous composite polymeric
fast scintillator loaded with high-density hafnia nanoparticles to
be used as the fast emitter in the multilayer scintillator archi-
tecture. By finely engineering and maching the electronic prop-
erties of the system components, namely the host matrix, the
heavy nanoparticles and the fluorescent dye used as final emit-
ter, we improve the yield of charges recombination in the host
matrix and the efficiency of the energy transfer from the host
to embedded chromophores, thus realizing an extremely lumi-
nous polymeric nanocomposite scintillator that surpasses any
commercial plastic material (Figure 1a). In the best composition
we employ polyvinyltoluene as the host matrix for the fast emit-
ting dye 4,4”-bis[(2-butyloctyl)oxy]-1,1":4',1":4",1”-quaterphenyl
(BBQ). Thermally treated hafnia nanoparticles, with their den-
sity of p = 9.68 g cm™3, are the radiosensitizers.['?l The sys-
tem’s properties have been fully investigated by steady state
and time resolved photoluminescence and scintillation spec-
troscopy. The nanocomposite shows a remarkable light yield
LY ~60 000 ph MeV~! under soft X-rays and a fast scintillation ki-
netics with 0.12 and ~2 ns of rise and decay time, respectively.
We fabricated a series of 100 um-thick nanocomposite films to be
coupled to 100 um BGO crystalline sheets, thus realizing a short
multilayer scintillator (3 X 3 X 3 mm?) as prototype detection pixel
for ToF-PET scanners that upon interaction with 511 keV y-rays
shows an ultrafast CTR of 115 ps.!3]

2. Fabrication and Engineering of Scintillating
Nanocomposites

To realize highly emissive composites, we employ here the BBQ
dye as the final emitter instead of the previously used POPOP!*"]
because it has an excellent photoluminescence quantum yield
¢, = 0.93 in the spectral region where scintillator photodetec-
tors work at best, a faster emission lifetime of 0.7 ns (Figure 2a;
Figure S1, Supporting Information)!'* and a better solubility in
the reference host polymer polystyrene (CgHy, p = 1.06 g cm ™).
Figure 1b outlines the main mechanisms involved in the investi-
gated scintillation process, where the diffusing free hot charges
produced by the interaction of ionizing radiation with the poly-
mer matrix recombine to generate the emissive states that pro-
duces the scintillation light pulses. Notably, the highest occu-
pied and lowest unoccupied molecular orbital energies are sim-
ilar for POPOP and BBQ (Figures S2—S4, Supporting Informa-
tion), so we assume they have the same charge capture ability.
Moreover, the BBQ absorption spectrum is more resonant with
the UV emission of the polystyrene excimers promptly formed
during the scintillation process than the one of POPOP, thus en-
hancing the speed and maximizing the yield of the host-to-dye
energy transfer that activates the dye near UV-blue fluorescence
(Figure 2a).'"5] Figure 2b shows the radioluminescence spectra
of a polystyrene-based scintillators series with different loading
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levels of BBQ from 10™> M to 10~! M, under soft X-rays excitation
(Experimental Section). Following the increasing BBQ amount,
we observe a reduction of the polystyrene emission intensity and
lifetime (Figure 2c), with a simultaneous increment of the BBQ
luminescence intensity activated by the progressively more effi-
cient non-radiative energy transfer from the polymer matrix. A
slight redshift in the BBQ luminescence spectrum can be noticed
at highest concentration employed, due to trivial self-absorption
of emitted light. The polystyrene-to-BBQ energy transfer reaches
a unitary yield using 10! M of BBQ, with a rate of 11.5 GHz
(Figure S5, Supporting Information). This composition shows a
LY = 3800 + 200 ph MeV~! under soft X-rays (Figure 2g,i, Exper-
imental Section).

This best polystyrene-based scintillator containing 10~'M BBQ
molecules (PS:BBQ) has been therefore tentatively improved by
adding different relative weight loading of oval crystalline hafnia
nanoparticles (NPs-wt.%) of size ~75 nm along the long axis and
33 nm for the short axis (Figure 2d left panel, Figure 2e; Figure
S6, Supporting Information). The aim was to find the composi-
tion that maximizes the nanoparticle’s radiosensitization effect
partially compensating the Onsager losses typical of low den-
sity polymeric scintillators, as previously observed.!*>1%! Surpris-
ingly, the series LY monotonically decreases with the nanopar-
ticles amount down to 1800 ph MeV~! for the sample with
4.0 + 0.2%wt. of loading (PS:BBQ:NP-4%, Figure 2g,i). We as-
cribe this effect to the larger optical gap of BBQ with respect to
POPOP. The weak radioluminescence spectrum of nanoparticles
isindeed peaked at ~425 nm (2.92 eV) extending down to 600 nm
(Figure 2f). This emission is not due to their inter-band recombi-
nation, whose energy lies in the UV spectrum at ~5-6 eV,[1718:1%]
but it is due to inefficient radiative recombination of low energy
intra-gap defect states.?*222] Given that the BBQ emission is
peaked at 3.02 eV (410 nm), and therefore higher than the one
of nanoparticles defects, the BBQ-to-defects energy transfer is an
active quenching pathway, as demonstrated by the concentration-
dependent results on the BBQ emission lifetime that show how
nanoparticles act as quenchers for the dye luminescence (Figure
S7, Supporting Information). This finding also suggests that the
energy of diffusing charges that directly recombine on nanopar-
ticles defects is lost. Notably, the direct recombination of charges
on nanoparticles is a probable pathway due to the high loading
levels required to maximize the radiosensitization (Figure S3,
Supporting Information). Thus, both these mechanisms limit the
system global yield (Figure 1D, top).

To overcome this issue, we performed a thermal annealing
treatment on nanoparticles by heating them at 950 °C (Exper-
imental Section). The high temperature improves the system
crystallinity (Figure 2e) and gives to nanoparticles a more de-
fined spherical profile with 43 nm diameter, clearly observed with
electronic microscopy (Figure 2d right; Figure S6, Supporting
Information).?3] A higher crystallinityis usually accompanied by
areduction of low energy intra-gap levels related to structural dis-
order and defects.[?* Indeed, the radioluminescence spectrum of
annealed nanoparticles largely shifts toward the UV region, with
the appearance of a 250 nm (4.96 eV) emission assigned to the
hafnia self-trapped exciton (Figure 2f).[52¢] Notably, this energy
is higher that the polystyrene optical gap at 280 nm (4.42 eV). This
suggests that the energy of charges that recombine on nanopar-
ticles can be injected again in the host matrix by non-radiative
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Figure 2. a) Optical absorption and photoluminescence (PL) of BBQ in a 107> M cyclohexane solution under 340 nm excitation. Radioluminescence (RL)
spectra of polystyrene (PS) and polyvinyl toluene (PVT) under soft X-rays. b) RL spectra of the PS:BBQ polymeric scintillators series as a function of the
BBQ molar concentration under soft X-rays. c) PL intensity decay in time recorded at 320 nm for the PS:BBQ polymeric scintillators series under pulsed
excitation at 250 nm. Solid lines are the fit of data with single- or multi-exponential decay functions. d) Transmission electron microscope (TEM) images of
HfO, nanoparticles pre- (NP) and post- (NP*) thermal treatment at 950 °C. e) Theoretical and experimental XRD powder spectrum of monoclinic HfO,,
NPs and NP*. f) RL spectra of NP and NP* powders under soft X-rays. The inset is the powders PL decay time at 380 nm under pulsed laser excitation
at 250 nm. Solid lines are the fit of data with single- or multi-exponential decay functions. g) RL spectra of the PS:BBQ:NP-x% composite scintillators
series as a function of the NP loading in weight fraction (%wt.) under soft X-rays. h) RL spectra of the PS:BBQ:NP*-x% composite scintillators series as
a function of the NP loading in weight fraction (%wt.) under soft X-rays. i) Light yield (LY) of the PS:BBQ:NP-x% (circles) and PS:BBQ:NP"x% (squares)
composite scintillators series measured as function of the NP (NP*) loading level in weight fraction (%wt.) under soft X-rays. The RL spectrum of the
commercial EJ-276-D plastic scintillators recorded under the same experimental conditions is reported for reference.

energy transfer (Figure 1b, bottom). Moreover, the partial elimi-
nation of hafnia’s low energy defects makes negligible the com-
petitive energy transfer from excited BBQ molecules to nanopar-
ticles (Figure S8, Supporting Information). The effectiveness of
this approach to improve the material light output is clearly
demonstrated by looking at radioluminescence intensity of the
new series of nanocomposites reported in Figure 2h. Here we
observe the expected non-monotonic behavior of the emission
intensity versus nanoparticles loading.['1] A maximum LY =
16 500 + 900 ph MeV~! under soft X-rays is achieved with a
loading of 2.5 + 0.2%. Notably, this value is +50% higher than
the one obtained with POPOP, most probably due to the larger
resonance between the host emission and the BBQ absorption
which increase the non-radiative transfer rate and yield from
polystyrene excimers to embedded dyes thus reducing the effec-
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tiveness of competitive non-radiative energy loss pathways in the
matrix.

Once improved the interplay between nanoparticles and flu-
orescent dyes, we further enhanced the nanocomposites scin-
tillation performance by using a different host matrix, namely
the polyvinyltoluene (CoH,y, p = 1.03 g cm™3). This latter is
a preferred choice here because it has the same chemical and
structural properties of polystyrene, but it shows one order of
magnitude more intense radioluminescence while keepingsim-
ilar spectral properties (Figure 2a). This suggests a more ef-
ficient conversion of diffusing free charges into the polymer
excimeric emissive states (Figure 1b) that should results a
larger scintillation yield. Figure 3a shows the radioluminescence
spectra of a polyvinyltoluene:BBQ composite scintillators series
(PVT:BBQ:NP*-x%) measured as a function of the nanoparticles
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Figure 3. a) RL spectra of the PVT:BBQ:NP-x% composite scintillators series as a function of the NP loading in weight fraction (%wt) under soft X-rays.
b) Light yield of PVT:BBQ:NP*-x% (squares) composite scintillators series as function of the NP* loading level in weight fraction (%wt). c,d) Time-
resolved photoluminescence (PL) spectra of the PVT:BBQ:NP*-2.5% composite scintillator under pulsed laser excitation at 250 nm (120 ps pulse width)
in the c) nanosecond and d) millisecond time range at 400 nm. Solid lines are the fit of data with multi-exponential decay functions. e) Scintillation
pulse at 400 nm from the PVT:BBQ:NP"-2.5% composite scintillators and the PVT:BBQ polymeric scintillator 100 pm-thick films under pulsed X-rays
excitation (14.5 keV, 120 ps pulse width). Solid lines are the fit of data with single exponential decay functions. f) Optical absorption spectra of the
PVT:BBQ:NP*-2.5% composite scintillators and the PVT:BBQ polymeric scintillator (100 um films at normal incidence). The apparent absorption at 430

correspond to scattering coefficient as a large as @, = 59 cm™".

loading level under soft X-rays. We observe again the same non-
monotonic incremental behavior and, notably, we achieve a LY as
large as = 63 500 = 5000 ph MeV~! for the PVT:BBQ:NP*—2.5%
sample (Figure 3b; Figures S9 and S10, Supporting Information),
by far larger than the one of any commercial polymeric scintilla-
tor and several inorganic crystals., i.e., the BGO. Time resolved
photoluminescence spectroscopy experiments allow to better un-
derstand the properties of the ultra-bright scintillating nanocom-
posite. Figure 3c shows its transient photoluminescence spec-
trum recorded 410 nm under pulsed excitation at 240 nm (Ex-
perimental Section). The emission intensity decays with a multi-
exponential behavior. Beside the evident prompt emission in a
short time of = = 1.85 ns, there is a slower component that spans
up to the millisecond time range (Figure 3d). This finding sug-
gests a possible involvement of the triplet states of the conju-
gated moieties in the generation of scintillation light. Interest-
ingly, the relative intensity of the photoluminescence slow com-
ponent changes according to the excitation energy. In particular,
the slow emission is more intense when the host polymer is ex-
cited at 240 nm (Figure 3d top, ca. 50% of the total emission) with
respect when the BBQ molecules are directly excited at 375 nm
(Figure 3d bottom, ca.5% of the total emission). A detailed pic-
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ture of the mechanism involved is difficult to point out, how-
ever these findings suggest that the high-energy, optically dark
polyvinyltoluene triplets can be involved in the scintillation pro-
cess to generate BBQ emissive states when formed by diffusing
charge recombination.[?”28] For example, an efficient interaction
can be envisaged considering the resonance with BBQ absorption
and the proximity (<2 nm) of conjugate units in the host polymer
and the embedded dyes, which can enable dipole-forbidden and
spin-forbidden transitions through non radiative energy trans-
fer processes between the two species. However, the long-time
emission completely disappear upon ionizing radiation, so fur-
ther studies are still ongoing to understand this intriguing in-
terplay between the polymeric host and the guest dyes during
scintillation.[*?]

The nanocomposite has been successively prepared as a film
of 100 um thickness, in order to be coupled and piled up with
100 um BGO sheets to fabricate a multilayer scintillator (see Sec-
tion 3). As showed in Figure 3e, the scintillation light pulses gen-
erated in the film at 410 nm under pulsed X-rays excitation shows

amainly single exponential fast decay time of r =2.05ns = o

and a rise time of 7)_= 123 ps (Figure S11, Supporting Informa-
tion). No substantial differences in the scintillation kinetics can
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Figure 4. a) Sketch of the ultra-bright nanocomposite constituents and the manufacturing procedure for the multilayer scintillator. b) Energy loss events
probability calculated by a Monte Carlo simulation for 3 x 3 x 3 mm? multilayer scintillator composed of alternating 100 um layer of PVT:BBQ:NP*-2.5%
and BGO for 511 keV y-rays. c) Light outcoupling efficiency § (dots) calculated as a function of the scattering level («) for a 3 x 3 x 3 mm? cube
of pure PVT:BBQ:NP*-2.5% composite with 4 mirrors put on the lateral surfaces (inset). The diamond shows the experimental  value obtained from
CTR measurements. d) Scintillation pulse calculated without (top, &g = 0 cm~") and with experimental scattering (bottom, ag = 59 cm™') for the same
nanocomposite cube as a function of the scintillation event position, respectively at the input face (front face), in the cube center (center) or at the output
face (back face). The double headed arrow marks the maximum uncertainty rg::' calculated at 50% of the pulse rise due to different events position

in the sample. The shaded area outline the slowdown of the pulse rise time that enable to estimate the maximum uncertainty 7

photons exit time due to scattering that modify their optical paths.

be observed in absence of nanoparticles, thus demonstrating that
they do not affect the material time response, and no afterglow
can be detected (Figure S12, Supporting Information). However,
the presence of nanoparticles affects the optical and light trans-
port properties of the scintillator, which shows a more evident
scattering background in the optical absorption spectrum with
respect to the nanoparticles-free sample (Figure 3f).

3. Radiation Matter Interaction, Light Transport,
and Scintillator Time Response

The multilayer scintillator has been realized by duplicating a
single mechanically-coupled nanocomposite/BGO heterostruc-
ture (100 um/100 um) to reach a final size of 3 X 3 X 3 mm?
(Experimental Section). As sketched in Figure 4a, incident y-
rays activate the multilayer scintillator luminescence by photo-
electric effect in BGO or through energy sharing between BGO
and the fast-emitting nanocomposite. The device CTR can be
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exit

opt ON the scintillation

estimated from several parameters intrinsic of the employed
materials by

Triserd,ejf
CTR =3.334/ ——— 1
Vo (1

The parameter 7,,, = 1577, + 1.157,, is the total rise time
of the scintillation pulse, which is given the sum of the intrin-
sic scintillation rise time 7 _ of the scintillator and the aver-
age spread of the optical photons transit time to the photode-
tector 7,,,.*’l The effective emission decay time 7,5 = (ky,)™"
is calculated as the reciprocal of the detection rate of scintilla-
tion photons k. (Section S5, Supporting Information) and N
is the number of photons collected by the photodetector. Con-
sidering a multicomponent scintillator where the building block
materials show different LY values and scintillation kinetics, in
order to take into account these aspects Equation (1) can be
evolved to
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TriseT,fi,eﬁ
px LY E

CTR=333 ) A, 2)

At the denominator, the N value is now expressed as a function
of several parameters characteristic of the considered scintilla-
tors, including the amount of energy deposited E = 511 keV and
the effective total yield LY’ ;. = £,LY, .. + (1 — £)LY;¢0, where
€; is the fraction of energy deposited in the nanocomposite for
i-event E; / 511 keV (Experimental Section). The BGO shows a
LYpco = 10 000 ph MeV-!. The light outcoupling efficiency f
marks the fraction of scintillation photons that reach the photode-
tector, and y represents the photodetector quantum efficiency.
For the nanocomposite we measured under y-rays its scintilla-
tion light output ¢, = Brgnoe LY 0. » from which we derived a
B ranoe. #0.05 (Section S7, Supporting Information), in agreement
with the poor material transparency (Figure S10, Supporting In-
formation). This value is two order of magnitude lower than the
theoretical § = 0.65 calculated considering re-absorption effects,
ideal interfaces, and mirrors with 95% reflectivity around the de-
vice and a null scattering coefficient a, = 0 cm™!, but also lower
than the expected theoretical value of §,, = 0.38 calculated ac-
counting for the effective photon scattering with @, = 59 cm™!
(Figure 4c).

At the numerator, the scintillator effective global scintillation
decay time 7, o can be represented as a linear combination of all

the possible 7, . for each i-shared event. The single 7! o Value

off off
depends therefore on the effective scintillation decay time in the

composite (z;7:*) and in the BGO (¢ BGO) by

-1

i &0 (1-¢)(1-9) 3)
Td,ﬁ = nanoc. BGO
€] Td,eﬁ Td,aff

The r;’ o contribution in Equation (1) is weighted by the dis-
tribution of probability A; that the i-shared event deposits in
the nanocomposite a fraction ¢; of the BGO photoelectric re-
coil electrons energy producing photons with a relative yield 6
= LY, .0c /LY, By directly measuring the properties of the indi-
vidual materials, it is therefore possible to model the device the-
oretical best CTR with good accuracy through Equation (2).3%

Figure 4b reports the energy loss events probability calculated
by a Monte Carlo simulation for the multilayer scintillator ex-
posed to 511 keV y-rays, which has been designed and run to
evaluate the global behavior of the device (Experimental Section,
Section S7, Supporting Information). Besides the usual Comp-
ton shoulder at low energies, above 400 keV we can distinguish
three different photoelectric peaks at ~440, 475, and 509 keV, re-
spectively. These are the photoelectric events originating upon
partial absorption of y-rays from the K-shell (77-90 keV), L-shell
(9-16 keV), and M-shell (2-2.5 keV) electrons of Bi and Hf in
the BGO and nanocomposite layers, respectively.’!l This statis-
tical modeling enables to specifically calculate the A;, E; and ¢;
values necessary to estimate the system time response by com-
bining Equations (2) and (3). Considering the device size and a
scattering coefficient a, = 59 cm™! at 410 nm (Figure 3f, Exper-
imental Section), we have a ,,, = 227 ps given by the distribu-
tion of photons’ optical paths before detection.[3?] Specifically, the
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T = A7)+ A7 value has been calculated as the sum of two
contrlbutlons (Flgure 4d). The first is the maximum uncertainty
Arapt ~100 ps calculated at 50% of the pulse maximum intensity,
due to the different positions of scintillation events in the sam-
ple. The second term 13"“ ~127 ps is the maximum uncertainty
on the photons exit time, due to the sample scattering that modify
their optical path before reaching the photodetector In this case,
the combination of the experimental z°_ and of the simulated z,,,,
results an effective total 7, = 450 ps ;for the device. Therefore,

given that the BGO and the nanocomp051te film shows a z2°° =
97.9ns and r;?‘?”“ 2.02 ns, respectively,>
response CTR, = 71 ps is estimated considering the certified y
= 0.25 at 410 nm for the photodetector (Figure S15, Supporting
Information) and the ideal §,, = 0.38 for the selected experiment
configuration (Experimental Section, Figure 4c).[3%]

We therefore tested the multilayer scintillator under opera-
tive conditions. Figure 5 depicts the time-integrated pulse height
spectra recorded under exposition to 511 keV y-rays (Experi-
mental Section). For reference, we measured the scintillation of
a3 x 3 x 3 mm? cube of pure PVTI:BBQ:NP*-2.5% compos-
ite (Figure 5a) and BGO (Figure S13, Supporting Information).
Since the nanocomposite and BGO have very different emis-
sion lifetimes, the scintillation pulses of events depositing en-
ergy in one or the other material are clearly different, thus allow-
ing a pulse shape discrimination (Figure 5b).**! The multilayer
scintillator shows a complex behavior, with a spectrum that con-
tains three regions of interest where the scintillation events are
occurring solely in BGO, solely in the fast nanocomposite and
where we can find the shared events. This demonstrates that the
recorded output signal is generated by an effective interaction be-
tween the device components. According to Monte Carlo simu-
lations of the radiation/matter interaction in the system (Experi-
mental Section),l**! the average fraction of useful events with en-
ergy loss > 440 keV in the results as high as a respectful 28% ver-
sus the 38% of monolithic BGO of the same size (Figure S13 and
Tables S2—S4, Supporting Information). A detailed data analysis
allows us to distinguish the events useful for imaging reconstruc-
tion, that is, the fast light pulses generated in the nanocomposite
by recombination of the recoil electrons produced solely by the
photoelectric effect in the BGO. As shown in Figure 5c¢, a change
in coordinates from [time-integrated signal versus amplitude] to
[energy in BGO versus energy in nanocomposite] enable to se-
lect the useful shared events. First, we must consider the pho-
toelectric peak corresponding to events fully contained in BGO
that release 511 keV of energy deposited in BGO and 0 keV the
nanocomposite. At this point, the distribution of events where
0 keV are deposited in BGO and 511 keV in the nanocomposite
is reconstructed.?"! By knowing these two points, the energy cal-
ibration of the SiPM photodetector employed can be performed
(Experimental Section). The straight lines in Figure 5c mark the
region where we find the events where the total energy deposited
in the device lies between 440 and 665 keV, i.e., the events useful
for imaging, and atleast 50 keV are shared in the nanocomposite.
This specific energy window is the default setting employed in
operating instrumentation enabling the best image reconstruc-
tion in ToF mode, which is taken here as a reference operating
condition.[¢3¢] Figure 5d reports the results of the CTR mea-
surements obtained using these operational settings. The CTR is

| a theoretical best time
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Figure 5. a) Time-integrated pulse-height spectra of monolithic 3 x 3 x 3 mm? PVT:BBQ:NP*-2.5% nanocomposite cube. The inset is digital picture
of the cube wrapped in Teflon and optically coupled to a Broadcom NUV-MT SiPM photodetector. b) Time integrated pulse-height spectrum of 3 x 3
x 3 mm3 multilayer scintillator made alternating 100 um layers of BGO and PVT:BBQ:NP*-2.5%. Pink and cyan straight lines are a guide for the eye
to highlight the events occurring solely in BGO and nanocomposite, respectively. The area between the straight lines marks the shared scintillation
events. c) [energy in BGO] versus [energy in nanocomposite] spectrum of the multilayer scintillator. Straight lines represent the energy threshold values
employed to select the shared fast scintillation events that originate from BGO photoelectric recoil electrons diffusing into the nanocomposite. As
photoelectric events, we consider those with total reconstructed deposited energy between 440 to 660 keV. We consider as shared photopeak only the
events where at least 50 keV of energy is deposited in the nanocomposite by recoil electrons from BGO. d) Experimental CTR of bulk BGO, monolithic
PVT:BBQ:NP*-2.5% and multilayer scintillator measured under 511 keV y-rays excitation.

obtained as the FWHM value of the statistical distribution of the
recorded time differences in the detection of 511 keV back-to-
back y-rays emitted by 2 Na atoms. Notably, the multilayer scintil-
lator shows a CTR as low as 115 + 13 ps, thus significantly lower
than the 179 + 7 ps of pure BGO and the 180 ps of the previ-
ously investigated multilayer scintillator,**] and also slightly bet-
ter than the one obtained using traditional, but transparent, plas-
tic scintillators as fast emitters in the very same architecture.l>!
Notably, the prototype time response matches the one of a ref-
erence nanocomposite cube (114 + 8 ps) but with a signifi-
cantly stronger stopping power for 511 keV photons due to BGO
sheets, thus surpassing the performance of some recently pro-
posed heterostructured scintillators based on heavy scintillating
perovskites.[53 We ascribe this result to the net improvement in
the LY achieved!*! that effectively compensates the poor light ex-
traction observed in the nanocomposite. In this regard, consider-
ing that the only free parameter in Equation (1) is the optical cou-
pling factor, we can derive from experimental data the global light
transport and extraction properties of the multicomponent de-
vice. The observed CTR corresponds to an effective light outcou-
pling yield §,;~0.29, a value larger than the one of the nanocom-
posite alone, but still far from the ideal 0.65.1*% This finding sug-
gests that the multilayer architecture helps to extract fast scintilla-
tion photons, most probably thanks to the waveguide effect of the
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transparent BGO sheets and to the reduced effect of scattering in
the thin nanocomposite films. However, a significant part of the
photons is trapped inside the scintillator. Moreover, the quantum
efficiency of the fast photodetector needed here is relatively low
ataround y = 0.25 (Figure S15, Supporting Information). There-
fore, according to Equation (2), is it straightforward to see that im-
proving the prototype Tof-PET pixel by the use of a photodetector
with a better y = 0.5 would enable to achieve a time resolution of
81 ps, the same recorded in multilayer scintillators where ultra-
fast emitting semiconductor nanoplatelets are employed.[*’] The
realization of an heterostructure with maximum light extraction
will allow then to improve the device CTR down to 54 ps, thus
with a real and significant net improvement in the ToF-PET pixel
sensitivity.

4. Conclusion

To summarize, by tuning and optimizing the electronic proper-
ties of its fundamental building blocks we realized an ultra-bright
scintillating and fast emitting nanocomposite. Beside a wise
choice of a polymeric host matrix and a fluorescence dye with
strictly complementary electronic properties to maximize the
host-to-dye energy transfer speed and yield, the key step in the
material development was the modification of the electronic
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properties of the dense hafnia nanoparticles employed as ra-
diosensitizers with a thermal treatment. The consequent partial
elimination of their low-energy electronic defects allowed to
maximize the radiosensitization effect in the polymeric host by
reducing competitive energy dissipation channels for diffusing
charges and optical excitons during scintillation. This allowed to
increase the material scintillation yield by a factor ~400% while
keeping its excellent fast time response in the nanoseconds time
scale. Thanks to these results, the nanocomposite has been used
to fabricate a multilayer scintillator as a prototype for the optical
part of a detector suitable for ToF-PET scanners. The device
has been realized by alternating films of nanocomposite and
crystalline BGO sheets. The latter is the dense material that stops
the ionizing radiation activating the energy-sharing mechanism
that triggers the fast nanocomposite emission. Upon exposure
to 511 keV y-rays, we observe a synergetic response of the
components in the multilayer device. Thanks to the effective ac-
tivation of the luminous nanocomposite trough energy sharing,
we obtained a coincidence time resolution of 115 ps in a pixel
prototype, a net improvement with respect to monolithic BGO
of same size while preserving approximately 70% of its radiation
stopping power. This time response surpasses our previous
results and several recently proposed advanced systems, but it
is still slower than the best expected theoretical value. The ob-
tained results indicate that an accurate manufacturing is strictly
required to improve the optical and light transport properties of
the nanocomposite itself and of the heterostructured scintillator
to match the ones of bulk crystalline system./*"! Indeed, consid-
ering the scintillation yield achieved, a proper enhancement of
light outcoupling must be the focus of future research in order
to reach the desired CTR < 50 ps required to surpass the low ac-
curacy of dense and slow crystals currently employed in ToF-PET
scanners.

5. Experimental Section

Preparation and Structural Characterization of High Crystalline HfO,
Nanoparticles: The HfO, nanoparticles were synthesized by hydrother-
mal route:38] the hafnium hydroxide chloride (Hf(OH),Cl,) solution was
first prepared by dissolving 0.160 g of HfCl, in 10.0 mL of deionized wa-
ter. NaOH aqueous solution (3.0 m, 10.0 mL) was added dropwise to the
solution above, causing the reaction with Hf(OH),Cl, to form hafnium hy-
droxide (Hf(OH),). After that, the solution was transferred into a 100 mL
Teflon-lined autoclave and the sealed autoclave was heated to 120 °C and
maintained for 24 h. The products were purified by centrifugation for three
cycles with alcohol and deionized water alternately after the autoclave was
cooled down. Finally, the precipitate was dried at 50 °C for 24 h. The pow-
der was placed in quartz crucible and heated in a muffle oven with a heat-
ing rate of 10 °C min~, the samples were kept at the final temperature of
950 °C for 2 h.3%1 The structure and composition of HfO, nanoparticles
were evaluated by means of powder X-ray diffraction (PXRD) structure and
transmission electron microscopy (TEM). Details and data are reported in
the Section S4 (Supporting Information). XRD show a well-defined series
of diffraction peaks in agreement with the values of monoclinic hafnium
dioxide.

Preparation of Nanocomposites: Styrene monomer was purchased
from Sigma-Aldrich (CAS no. 100-42-5) under the form of a liquid
and colorless monomer. After the removal of stabilizer, the 4,4”-Bis[(2-
butyloctyl)oxy]-1,1:4",1":4”,1"-quaterphenyl (BBQ, Exciton Luxottica, CAS
no. 18434-08-07, MW = 675.01 g mol~") dye was dissolved with the addi-
tion of the as-prepared hafnium oxide NPs. The monomer polymerization
followed a thermal pathway by using Azobisisobutyronitrile (AIBN), a free
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radical initiator, the VAZO 64 (Chemours). The final composition was ob-
tained as follows: 67.5 mg of BBQ and 1 mg of VAZO 64 were dissolved
in 1 ml of styrene through ultrasonic stirring. Hafnia NPs were added
to the solution, and then dispersed through stirring. The as-prepared
solution was placed in a temperature-controlled oil bath at 80 °C for 1
day. For the first 8 h, the mixture was mechanically stirred every hour
to avoid nanoparticles sedimentation. Vinyl-toluene monomer was pur-
chased from Sigma-Aldrich (CAS no. 622-97-9) in the form of a liquid
and colorless monomer. After the removal of the stabilizer, 4,4”-Bis[(2-
butyloctyl)oxy]-1,1:4",1":4”,1"-quaterphenyl (BBQ, Exciton Luxottica, CAS
no. 18434-08-07, MW = 675.01 g mol~") dye was dissolved with the addi-
tion of the as-prepared hafnium oxide NPs. The monomer polymerization
followed a thermal pathway by using Dilauroyl peroxide (Acros Organics,
CAS no. 105-74-8, MW = 398.63 g mol~), a free radical initiator. The final
composition was obtained as follows: 67.5 mg of BBQ and 4 mg of Dilau-
royl peroxide were dissolved in 1T mL of vinyl-toluene through ultrasonic
stirring. Then hafnia NPs were added to the solution and then dispersed
through stirring. The as-prepared solution was placed in a temperature-
controlled oil bath at 70 °C for 1 day. For the first 8 h, the mixture was
mechanically stirred every hour to avoid nanoparticle sedimentation.

Preparation of Nanocomposites ~ Films: Hundred micrometers
polyvinyltoluene films loaded with 107! m 4,4”-Bis[(2-butyloctyl)oxy]-
1,1:4’,1":4” 1"-quaterphenyl (BBQ) and 2.5%wt. of NPs were prepared
as follows: 1 g of composite prepared as discussed in the section
above was dissolved in 3 mL of DCM (Sigma Aldrich, CAS no. 75-09-
2). Once the solution reached a syrup-like viscosity it was deposited
on a glass plate with the help of a doctor blade using a 20 mils
blade. The film was then left to air dry until the solvent completely
evaporated.

Assembling of Multilayer Scintillators: BGO sheets of size 3 x 3 x
0.1 mm? were purchased from EPIC Crystal LTD. They were assembled
tighter with 0.1 mm nanocomposite films by hand the multilayer scintilla-
tor has been fabricated by alternating BGO and nanocomposite 0.1 mm
layers with no glue, in a custom made sample holder, specifically a 3 x 3
x 3 mm? Teflon cube with one face open. The internal surfaces had been
covered by ESR (Vikuiti) form 3M as reflecting material.

Photoluminescence Studies: Nanoseconds time scale time-resolved
photoluminescence experiments had been performed by using as exci-
tation source a pulsed laser LED at 340 nm (3.65 eV, EP-LED 340 Edin-
burgh Instruments, pulse width 120 ps) and a pulsed laser LED at 250 nm
(4.95 eV, EP-LED 250 Edinburgh Instruments, pulse width 77 ps) cou-
pled to FLS980 Edinburgh setup in Time-Correlated Single Photon Count-
ing (TCSPC) acquisition mode. A custom-made 5000M spectrofluorimeter
(Horiba Jobin Yvon, Wildwood, MA, USA) equipped with a TBX-04 photon-
counting detector (IBH Scotland) and a single grating monochromator
was used for PL spectra measurements within 200-800 nm range. As exci-
tation source the laser driven xenon lamp (EQ-99X LDLS Energetic, Hama-
matsu Company) was used.

Radioluminescence Studies: ~ Steady state radioluminescence measure-
ments were carried out at room temperature using a liquid nitrogen-cooled
charge coupled device (CCD) Symphony Il (Jobin-Yvon, Horiba) as a de-
tection system, combined with a monochromator Jobin-Yvon Triax 180
equipped with a 100 lines mm~" grating. For sample excitation, unfiltered
X-ray irradiation through a Be window was employed, using a Philips 2274
X-ray tube with tungsten target operated at 20 kV. At this voltage, a con-
tinuous X-ray spectrum was produced by a Bremsstrahlung mechanism
superimposed to the L and M transition lines of tungsten, due to the
impact of electrons generated through thermionic effect and accelerated
onto a tungsten target. The dose rate was 5 mGy s~'. All spectra are cor-
rected for the spectral response of the detection system. The nanocom-
posites LY had been measured by relative methods using the EJ-276-D (LY
= 8600 ph MeV~") plastic scintillator and the inorganic crystal BGO (LY
=10 000 ph MeV~") as reference (Figure S9, Supporting Information). RL
spectra were recorded at cylindrical samples with the same size (1 cm di-
ameter, 0.1 cm thickness) and with similar scattering properties (Figure
S10, Supporting Information). All the RL spectra were recorded using a
mask with the hole of 0.5 cm in diameter on the sample, a slit width of
0.1 mm and accumulation time 1.
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X-Rays Scintillation:  The scintillation pulses had been recorded in time
correlated single photon counting (TCSPC) mode under pulsed X-ray ex-
citation. For this purpose, an X-ray Tube (XRT) N5084 of Hamamatsu was
used, activated by a pulsed 405 nm laser (pulse width EP-LED 250 Edin-
burgh Instruments, pulse width 120 ps). The X-rays energy spectrum was
a bremsstrahlung continuous spectrum extending up to 40 keV (as the op-
erating voltage is 40 kV, pulse width 80 ps) with an additional pronounced
peak ~9 keV due to Tungsten L-characteristic X-ray photons. As photode-
tector, a hybrid photomultiplier tube PMA Hybrid 07 (Picoquant®™H) cou-
pled to a 4 ps resolution PicoHarp 300 TCSPC module was used. The sam-
ples were measured in anti-reflection positioning.

CTR Measurements: The CTR under 511 keV was measured with a the
setup previously described.[>*P] A 22Na radioactive source emits two back-
to-back 511 keV gamma photons which are detected by two detectors in
coincidence. In the first side a reference crystal LSO:Ce:Ca0.4% of size 2
x 2 X 2 mm?3 (61 ps CTR) was used, while on the other side the sample
under investigation was excited. Both scintillators were coupled to a SiPM
through Meltmount glue (1.58 refractive index), mounted perpendicularly
to the multilayer structure. For the samples under investigation a Broad-
com NUV-MT SiPMs biased with 48V (16V overvoltage) was used. The
output signals were used as input for an oscilloscope (LeCroy DDA735Zi
oscilloscope with 3.5 GHz bandwidth and a sampling rate of 40 Gs s™'),
where all information required for the analysis is measured and extracted
from the waveforms. The CTR values were corrected to compensate the
asymmetry of the reference detector.[*?]

Radiation/Matter Monte Carlo Simulations: In order to evaluate the
energy-sharing effects, a Monte Carlo simulation of the multilayer and bulk
scintillators had been performed by means of the FLUKA code.3>! The ge-
ometry of the multilayer scintillating heterostructure with a final size of 3 x
3 x 3 mm3, as well as the two components materials, in terms of atomic
weights and density, had been fully reproduced. A the 511 keV photons
isotropic source had been put at a distance of 0.5 cm from the scintillator
surface. The simulation output had been analyzed on an event-by-event
basis through dedicated user-routines developed on purpose. No optical
simulation had been performed at this stage.

Light-Propagation Monte Carlo Simulations: Simulations of the scin-
tillator nanocomposite performance were carried out using a home-made
Monte Carlo ray-tracing program, in which the photon propagation follows
geometrical optics laws and the interference was neglected because of
the large nanocomposite dimensions with respect to the light-coherence
length. Each scintillation event generates randomly propagating photons
whose fate was determined in a stochastic way. In particular, each photon
could be absorbed and eventually re-emitted by a chromophore, isotropi-
cally scattered, or reflected/ transmitted at the interfaces. The four mirrors
placed on the nanocomposite lateral surfaces had been considered with a
fixed reflectivity of 95%, independent from the polarization state and from
the incidence angle of the light. For the front interfaces with air, Fresnel co-
efficients were used to compute the reflection probability. The photodetec-
tor was coupled to a nanocomposite of dimensions 3 x 3 x 3 mm? with an
index-matching medium. The photon escape probability from this face was
set to unity. The simulated scintillator was the PVT:BBQ:NP*-2.5% spec-
imen. All the considered events (absorption, scattering, transmission or
reflection) were chosen according to random Monte Carlo drawing. Simu-
lations were performed using the experimental absorption/luminescence
spectrum and emission efficiency (¢, = 0.93) of the chromophore. The
system scattering was supposed to give rise to a light attenuation cor-
responding to an absorption coefficient ranging from 0 to 100 cm™". In-
side the material, for each ray, the inverse transform sampling method
was applied for random generation of the length of the optical path be-
fore absorption by the chromophores or scattering. Path lengths followed
the exponential attenuation law determined by the wavelength-dependent
absorption/scattering coefficient. A single-ray-tracing Monte Carlo simula-
tion was repeated 10° times. Figure 4c reports the simulated light outcou-
pling coefficient f calculated for the scintillator detector with fours mirrors
placed on the scintillator later faces (inset of Figure 4c) as a function of the
scattering level. The f factor decreases as scattering increases from 0.65,
for the free-scattering sample, to 0.35, for the sample with the highest sim-
ulated scattering level (100 cm™') When the output-pulse time evolution
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was computed, the number of iterations was increased to 108 to achieve a
proper statistical averaging and the output pulse shape was calculated us-
ing the following assumptions: 1) the photons were uniformly generated
inside the sample or all the scintillation events were generated in fixed po-
sitions: close to the front face, close to the rear face, at the center of the
sample (Figure 4d); 2) the chromophores are excited promptly by the scin-
tillation. Once a chromophore excited state was generated by scintillation
or by re-absorption, the time required to emit a visible photon was deter-
mined using the rejection sampling applied to the accurate luminescence
decay obtained by the experiment. This time was then added to the time
required by the photon to travel to the detector following its own optical
path.
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Supporting Information is available from the Wiley Online Library or from
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